Biochemical processes at wastewater treatment plant are complex, nonlinear, time varying and multivariable. Moreover, relationships between processes are very strong. One of the most important issues is exerting proper control over dissolved oxygen levels during nitrification phase. This parameter has a very large impact on activity of microorganisms in activated sludge and on quality of pollution removal processes. Oxygen is supplied by aeration system which consists of many nonlinear elements (blowers, pipes, diffusers). In this paper, the sequencing batch reactor is applied and modelled. Also, the aeration system is modelled. Those models are validated based on real data sets. The adaptive control system with anti-windup filter is proposed and designed for tracking the reference trajectory of dissolved oxygen. Furthermore, the reference trajectory of dissolved oxygen is generated by the supervisory controller using NH4 measurements. Simulation results of control system are calculated for a case study plant located in Swarzewo, Northern Poland.
Introduction
Progressive development of technology and human population growth caused the amount of produced sewage to increase. Years of experience and scientific research, gave rise to the idea about biological wastewater treatment plants (WWTP). This biological-chemicalphysical system is classified as complex, multivariable, time varying and nonlinear.
In industrial practice, two different types of WWTPs are used: sequencing batch reactor (SBR) and WWTP with a continuous flow throughout the plant. In this paper the SBR type of the WWTP was considered.
The SBR technology is widely used for small wastewater inflows and may be designed using a single or multiple tanks in parallel. A typical cycle involves five operational phases: filling, reactions (nitrification and denitrification), sedimentation, decantation and idle state. Biochemical reactions in SBR were described in detail in e.g. [1] . In [2] a complete review of experiences using SBR of different kinds is presented.
One of phases taking place in a SBR reactor is the nitrification phase. This stage has a very large impact on removal pollutions. The most important control parameter in this phase is the concentration of dissolved oxygen (DO). Improvement of oxygen level control in the reactor could increase quality of outflow and decrease incurred operating costs. The dynamics of DO is nonlinear. Hence, high quality control for all operating conditions can be hard to achieve by using simple control strategies, e.g. on/off control system, linear PID controller with fixed parameters.
Previous studies reported various structures and technologies of DO control system, e.g. predictive controller [3, 4, 5, 6, 7] , multivariable PID controller [8, 9] , neural and fuzzy controllers [10, 11] . Other DO control strategies using NH4, NO3 and PO4 measurements have been designed and tested, e.g. [12, 13] . In most cases, the nonlinear dynamic of aeration system is omitted and treated as static element. However, this system is very complex and contains many nonlinear elements, e.g. blowers, pipes and diffusers. In this paper, as opposite of previous research works, nonlinear dynamic of aeration system is coupled with biological processes. Furthermore, beside DO measurement, NH4 measurement is included for control system design.
The paper was organized as follows. The Swarzewo WWTP case study was described in Section 2. The aeration system was presented in Section 3. Design of control system was described in Section 4. Section 5 presents results of simulations and discussions. Conclusions were included in Section 6.
Purification of sewage solids and mineral is achieved through mechanical pre-treatment. This first phase uses by grid, screen, grit chamber and sand separator. In the second phase a biological pollutant removal is performed by four SBRs. Three reactors have the same volume of 5100 m 3 . The fourth SBR is about 6400 m 3 . The SBRs work in parallel and independently of each other. A single SBR cycle includes the following phases: filling, reactions (nitrification and denitrification), sedimentation, decantation and idle state. The excess sludge is removed and in the form of compost used as a garden soil. The Baltic Sea is the effluent receiver. In this paper the biological part of WWTP was considered and modelled.
Air supply for each reactor is provided by two identical and independent aeration systems. The first of these aerate SBR1, SBR2 and SBR3. The second installation (aeration system 2) is dedicated for SBR4. A structure based on SBR4 and aeration system 2 was considered in this paper. The most popular mathematical description of biological processes at WWTP is a series defined by Activated Sludge Models (ASM) proposed by International Water Association. In the paper the biological processes are modelled by ASM2d model. ASM2d consists of 21 state variables and 20 kinetic and stoichiometric parameters. Values of those parameters are equal to their default values at 20°C [14] . ASM2d model was calibrated based on real data sets from WWTP at Swarzewo. Additionally, data from the plant permitted to define the quality of load: chemical oxygen demand (COD), total nitrogen concentration (Ntot) and total phosphorous concentration (Ptot). Verification of the modelling results was satisfactory and so they were used for control purposes.
Aeration System -Description and Modelling
It is industry practice that different methods of aeration are used: high purity oxygen aeration, mechanical aeration or diffused aeration. In Swarzewo WWTP the last method is applied. Aeration system 2 supplies the SBR4 in oxygen by compressed air (see Figure 1 ). This system consists of two blowers, main pipe (collecting pipe), two collector-diffuser pipes and two diffuser systems (see Figure 2 ).
Two identical variable-speed blowers with inverters were used. The blowers work in parallel. Actual airflow through the blower depends on the pressure drop across and rotational speed of rotor. Static characteristics of blowers are nonlinear.
The diffuser system is composed of a number of diffusers in parallel arrangement located in the reactor bottom floor and connected through a network of secondary pipes to the collectordiffuser pipe. Diffusers are the membrane disk type. Diffuser system 1 contains 616 diffusers, diffusers system 2: 600 diffusers. A single diffuser is described by the nonlinear relationship between airflow and pressure drop across. Diffusers are located 0.35m above the bottom of reactor.
The general methodology of aeration system modelling was presented in [5] . This approach was applied in modelling others plants, e.g. [5, 6, 7] . Model of the Swarzewo aeration system was first presented in [15] . The authors used data records from a case study plant, documentation concerning characteristics of system elements and theoretical knowledge. Very good results of model verification were obtained.
Finally, the nonlinear model was described by differential and algebraic equations [15] . The model of aeration system was implemented in Matlab environment and was verified based on real data records from Swarzewo WWTP. The maximum pressure residuum was around 2%, while the maximum airflow residuum was about 7%. Satisfactory accuracy was obtained.
Control System -Structure and Design
It is industry practice that simple technology is used to control of DO: manual control, rulebased control and PI controller with fixed parameters. High quality of control cannot be obtained by conventional and linear control methods. The structure of the new control system is illustrated in Figure 3 .
Control plant consists of an ASM2d model, which represents biochemical processes taking place in the SBR reactor (see section 2) and model of an aeration system (see section 3). This approach means that considered plant has many physical bounds and dynamics with different time scales.
Blowers have technological limitations imposed on realized airflow and rotational speed of the rotor. Additionally dynamics of aeration system and processes in the reactor are different. Testing proved that internal dynamics of the aeration system (about 20 seconds) is much faster than biochemical reactions taking place within the SBR.
Static airflow controller
In order to achieve desired level of DO, the aeration system must provide the required amount of air. This condition is very important because airflow is a direct signal control. Hence, the static airflow controller is located in direct control layer of hierarchical control structure (see Figure 3 ). Dynamics of aeration system are slower than SBR dynamics and for control purposes dynamics of aeration system were omitted. Because of this the airflow controller based on inverse model of aeration system was proposed -Inverse Model Control (IMC) [16] . Input to the controller is a set point of airflow Qair ref . Outputs are rotational speed of blowers n and state (switching) on/off the blowers. An important aspect of IMC is static characteristics of blowers, which had to be inversed in order to achieve desired relationship between the rotational speed of blowers and their airflow. Knowledge about airflow set point Qair ref and inverse characteristics permits to generate desired control signals (n, on/off). 
Adaptive DO controller with antiwindup filter
where: S0(t), kLa(Qair(t)), R(t) is concentration of oxygen, function of oxygen transfer and respiration, respectively. Parameters K0, S0 sat =8.64 mg/dm 3 and α=0.0016 1/m 3 are Monod's constant, DO concentration saturation limit and directional factor of kLa (Qair(t) ), respectively. The value of α is defined by Simba environment [17] .
Dynamics of DO have three primary properties: non-linearity, non-stationarity and dependence of disturbance (respiration R). The value of Monod's constant K0 may be varied within the range from 0.01 to 2 g/m 3 (the assumed value is equal 2 g/m 3 ). This coefficient causes nonstationarity of DO dynamics. Furthermore, K0 occurs in fraction + • so this parameter increases non-linearity of the equation (11) . Moreover, impact of disturbances as respiration R was shown. Adaptive controller generates control signal Qair ref which reduces the influence of properties and let's achieve dynamics of the reference model.
Formula (3) describes the general form of equation (2).
where:
The reference model is the inertia of the first order with static gain K and time constant T. The value of K was selected that in the steady state output from the plant would equal output from the reference model. This is true for K=1. Parameter T was fixed at 1.25 minute. Transfer function and differential equations which describe dynamics of the reference model are expressed by equations (4) 
where: 
where: h, m, gparameters of adaptive controller, u DMRAC (t)= Qair ref (t)indirect control signal.
The adaptation laws for controller parameters were designed based on Lapunov stability theoryequations (7) [18] . (7) where: 1, 2, 3coefficients adaptation, e(t)=
Lapunov stability theory guarantees stability of the control loop and provides convergence of the adaptation error to zero for time tending to infinity. According to [18] the required conditions are limitations of controller parameters and error adaptation. Adaptation error is limited if output from the plant and the reference model is limited. Output from the plant is also bounded by zero and value S0 sat . The transfer function of reference model is always stability so output from reference model is limited by zero and value • ( ) in steady state. Therefore, it is necessary to ensure limitation of x set (t). It is not a problem because x set (t) is always a bounded signal. Integration of equations (7) can be obtained through explicit dependence on values of control parameters:
The parameters h0, m0 and g0 are values at the beginning of process adaptation (when aeration phase started). Their values were assumed to be zeroto restart oxygenating sewage at any time the adaptation process of parameters reruns from the beginning.
Substituting equations (9) for the proposed control law (6) makes the DMRAC controller composed exclusively of integrators. Taking into account constraints of signal control it is possible for the phenomenon of windup to occur. The static AW filter was proposed in structure of DMRAC controller system (see Figure 4 ).
Where:
' 
Rule-based DO set point generation
Presented rule base does not guarantee minimization of any quality ratio or operating costs, but provides a variable DO set point trajectory. It is known that the aerobic bacteria demand for oxygen is decreasing over time.
Intuitively, it may be concluded that decrease of DO set point will cause the airflow into the reactor to decrease. The net result is a decrease in operating costs. Subsequent analysis of presented results (see section 5) shows why the rule base was not extended and why no attempts were made to design a more advanced DO set point controller.
Simulation Results and Discussions
This section describes testing proposed control strategy by simulation, based on real data records from Swarzewo WWTP. The SBR reactor was implemented in commercial simulation package Simba [17] . MatLab/ Simulink environment was used for modelling the aeration system. Next, both models were connected. The adaptive controller was applied in MatLab/Simulink package.
Presented sequence could have a very large impact on control results. Specification for analysis in SIMBA package assumed a single fill-nitrification sequence. Furthermore, parameters at each phase were established based on expert knowledge from a treatment plant technologist (see Table 1 ). The COD, Ntot and Ptot are the parameters (disturbances) describing the influent sewage composition defined for each simulation. The presented results were obtained for two cases.
Case 1 -Influence of aeration system dynamics
Assumptions taken to produce presented results: control system comprises only the DMRAC controller (without AW filter and supervisory rule-based controller); constant Figure 5 presents results for simulation without the aeration system, i.e. control signal feed from controller is perfect. Figure 6 shows a situation where control signal is generated by the aeration system.
Control results were satisfactory (see Figure 5 ). Obtained quality of control was consistently very good during the nitrification phase. Initial oscillations were caused by the adaptive nature of controller. Inclusion of aeration system worsened achieved results (see Figure 6 ). The real limitations of the aeration system cause two phases of control signal saturationat the beginning and end of the nitrification phase. The consequences are bigger oscillations and sudden growth of DO at the end of the nitrification phase.
Case 2 -Importance of the AW filter
Assumptions taken to produce presented results: control system without supervisory rule-based Figure 7 shows control results with anti-windup filter.
It may be concluded that the AW filter improves quality of control. For example the overshoot decreased from 76% to 28% for fourth nitrification phase. Unfortunately, the AW filter does not affect saturation of control signal at the end of nitrification. The cause is sludge's decreasing demand for oxygenit is not possible that demand for oxygen would grow during the nitrification phase. Consequently it is not possible to unload the integrated value of signal control during the saturation phase.
Case 3 -Quality of control system
Case 2 presents results for a complete control system with a DMRAC controller using a AW filter and supervisory rule-based controller (see Figure 3 ). Assumptions taken to produce presented results: variable reference trajectory of DO generated by rule-based controller; influent parameters: COD=2032 mg/dm 3 , Ntot=240 mg/dm 3 , Ptot=30 mg/dm 3 ; values of controller parameters: = • , = • , = • , = . , = • , = • , = • . Presented results (see Figure 8 ) confirm the control system operates correctly.
The supervisory controller generates a reference trajectory that depends on the actual concentration of NH4. DMRAC controller with the AW filter produces the DO set point value if the aeration system does not run close to its physical limitations. When control signal becomes saturated, quality of control is worse.
Conclusions
This paper discussed tracking the reference trajectory of dissolved oxygen in sequencing batch reactor. The set point for DO controller was generated by the supervisory controller using NH4 measurements. The aeration system was included in control system structure. It was concluded that dynamics of the aeration system have a very large impact on quality of control and it could not be ignored. Moreover, proper control of each phase is important for final control quality. Simulation results shown that the designed advanced control system achieves good tracking performance if the aeration system does not reach its own technological limitations.
